Pronounced changes in neuronal morphology occur as synapses mature; however, little is known about how synaptic transmission regulates the developing neuronal cytoskeleton. The postsynaptic, microtubule-associated protein MAP2 is a target of multiple, calcium-dependent signaling pathways activated by synaptic transmission. Here we demonstrate that MAP2 phosphorylation is differentially regulated across development. In 32 P-labeled hippocampal slices prepared from adult rats, depolarization stimulated a bidirectional change in the phosphorylation of immunoprecipitated MAP2. A transient increase was mediated by metabotropic glutamate receptors (mGluRs) and stimulation of mitogen-activated protein kinases (MAPKs), Ca 2ϩ /calmodulindependent protein kinases (CaMKs), and protein kinase C (PKC). This increase was followed by a persistent dephosphorylation mediated by NMDA receptors and activation of protein phosphatase 2B (PP2B or calcineurin). In contrast, depolarization of neonatal hippocampal slices stimulated exclusively a net increase in MAP2 phosphorylation, which was attenuated by inhibitors of MAPKs, but not CaMKs or PKC. Furthermore, although incubation in NMDA induced a time-dependent decrease in MAP2 phosphorylation in both adults and neonates, this effect was both less robust and less sensitive to calcineurin inhibitors in neonates than in adults. These data indicate that the mechanisms coupling glutamate release to MAP2 dephosphorylation are relatively lacking in the neonatal hippocampus. Highly phosphorylated MAP2 is impaired in its ability to stabilize microtubules and actin filament bundles in vitro. The neonatal propensity toward glutamatestimulated MAP2 phosphorylation may serve to reduce cytoskeletal stability and permit dendritic arborization early in postnatal development. In mature neurons, the bidirectional control of MAP2 phosphorylation may participate in activity-dependent synaptic remodeling.
P-labeled hippocampal slices prepared from adult rats, depolarization stimulated a bidirectional change in the phosphorylation of immunoprecipitated MAP2. A transient increase was mediated by metabotropic glutamate receptors (mGluRs) and stimulation of mitogen-activated protein kinases (MAPKs), Ca 2ϩ /calmodulindependent protein kinases (CaMKs), and protein kinase C (PKC). This increase was followed by a persistent dephosphorylation mediated by NMDA receptors and activation of protein phosphatase 2B (PP2B or calcineurin). In contrast, depolarization of neonatal hippocampal slices stimulated exclusively a net increase in MAP2 phosphorylation, which was attenuated by inhibitors of MAPKs, but not CaMKs or PKC. Furthermore, although incubation in NMDA induced a time-dependent decrease in MAP2 phosphorylation in both adults and neonates, this effect was both less robust and less sensitive to calcineurin inhibitors in neonates than in adults. These data indicate that the mechanisms coupling glutamate release to MAP2 dephosphorylation are relatively lacking in the neonatal hippocampus. Highly phosphorylated MAP2 is impaired in its ability to stabilize microtubules and actin filament bundles in vitro. The neonatal propensity toward glutamatestimulated MAP2 phosphorylation may serve to reduce cytoskeletal stability and permit dendritic arborization early in postnatal development. In mature neurons, the bidirectional control of MAP2 phosphorylation may participate in activity-dependent synaptic remodeling.
Key words: glutamate receptor; synaptic plasticity; protein phosphatase; protein kinase; calcineurin; dendrite; microtubules Modifications in the neuronal cytoskeleton underlie a progression of morphological changes during development that include process outgrowth, neurite arborization, synapse formation, and activity-dependent synapse stabilization/elimination (Goodman and Shatz, 1993) . Neuronal morphology is known to be highly responsive to extracellular and intracellular signals; however, it is likely that the nature of cytoskeletal changes and their regulation by signal transduction pathways evolve as a neuron matures.
Microtubules are prominent components of the neuritic cytoskeleton that play an important role in neuronal maturation (Riederer, 1990; Ludin and Matus, 1993) . They are composed of tubulin polymers and microtubule-associated proteins (MAPs). Like other structural MAPs, MAP2 regulates microtubule stability. However, in contrast to other prominent neuronal MAPs, such as tau and MAP1b, MAP2 is selectively enriched in neuronal somata and dendrites (Bernhardt and Matus, 1984) and interacts with actin as well as with microtubules in vitro. MAP2 has been implicated in dendrite outgrowth (Caceres et al., 1992; LeClerc et al., 1993; Sharma et al., 1994) and in activity-dependent changes in synaptic connectivity (Aoki and Siekevitz, 1985) and, therefore, is a likely target of signal transduction pathways activated by transmembrane signals during several stages of development.
Multiple isoforms of MAP2 are encoded by a single gene the mRNA of which undergoes differential alternative splicing during development (Kalcheva et al., 1995) . All isoforms contain three to four copies of an 18-amino-acid imperfect repeat within the C-terminal microtubule-binding region, a binding site for the RII regulatory subunit of cAMP-dependent protein kinase (PKA) near the N terminus, and consensus sequences for phosphorylation by multiple Ser/Thr protein kinases (Lewis et al., 1988; Obar et al., 1989; Rubino et al., 1989; Kindler et al., 1990) . In vitro, phosphorylation of MAP2 decreases its ability to promote microtubule stability and attenuates its actin-bundling activity (Jameson and Caplow, 1981; Nishida et al., 1981; Murthy and Flavin, 1983; Selden and Pollard, 1983) . Two low-molecular-weight (M r 70 kDa) isoforms (MAP2c and MAP2d) and two high-molecularweight (M r 280 kDa) isoforms (MAP2a and MAP2b) exist. Lowmolecular-weight MAP2s have been detected in glia as well as neurons (Charriere-Bertrand et al., 1991; Doll et al., 1993) , but the high-molecular-weight MAP2s are neuron-specific (Matus, 1994) . MAP2b is continuously expressed throughout development of the nervous system into adulthood. MAP2a, containing an additional 82-amino-acid insert within the N-terminal region, is detectable in rat brain after postnatal day 10 (P10) (Binder et al., 1984; Riederer and Matus, 1985; Chung et al., 1996) . The present study focused on the regulation of high-molecular-weight MAP2, because at least one isoform of this species is present throughout postnatal development.
Our previous studies revealed that the phosphorylation of MAP2 is regulated in response to glutamate receptor activation (Halpain and Greengard, 1990; Quinlan and Halpain, 1996) . The direction of the change in MAP2 phosphorylation is determined by which glutamate receptor subtype and resultant calciumdependent biochemical pathways are engaged. These results support a role for MAP2 in mediating glutamate-dependent morphological plasticity. Here, the regulation of MAP2 phosphorylation was examined at a time when neuronal shape is known to be changing rapidly, that is, during early postnatal development. The data indicate that, although it already possesses the biochemical machinery for coupling glutamate receptor stimulation to an increase in MAP2 phosphorylation, the neonatal hippocampus lacks the full ability to couple glutamate receptor stimulation to a decrease in MAP2 phosphorylation. This observation suggests that neonatal dendritic microtubules are relatively protected from the stabilizing effect of MAP2 dephosphorylation.
MATERIALS AND METHODS
Preparation and labeling of hippocampal slices. Hippocampi were removed from sexually mature adult female (P42-P45) or neonatal (P6 -P23) Sprague Dawley rats after anesthetization via CO 2 narcosis in compliance with U.S. Department of Health and Human Services and University of Virginia guidelines. Transverse sections (450 m thick) were prepared using a McIlwain tissue chopper and preincubated for 45 min at 33ЊC in 5 ml of low-calcium, phosphate-free artificial CSF (ACSF) consisting of (in mM): 124 NaCl, 4 KCl, 25 Na 2 HCO 3 , 1.5 MgCl 2 , 0.015 CaCl 2 , and 10 glucose, pH 7.35 Ϯ 0.05, continuously saturated with 95% O 2 /5% CO 2 gas. To incorporate label into endogenous ATP pools, slices were incubated for 90 min in 0.5 ml of ACSF as above, except that MgCl 2 was omitted, CaCl 2 was increased to 1.5 mM, and 0.25 mCi of [ 32 P]orthophosphate was added (25 mCi/ml; DuPont NEN, Boston, MA). Pharmacological agents were added to the slices at the end of the 90 min labeling period. Phosphorylation reactions were terminated by aspiration of the ACSF and submersion of slices in liquid nitrogen. 1S,3R-ACPD and NMDA were obtained from Tocris Cookson; chelerythrine and KN-62 from Kamiya Biochemicals; cypermethrin from LC Laboratories; and W-7 from Calbiochem. All other reagents were standard laboratory grade. PD098059 was a gift from Dr. A. Saltiel, Parke-Davis. Monoclonal antibody 2-4 was a gift from Dr. R. Vallee, Worcester Foundation for Experimental Biology.
Quantification of 32 P incorporation. Triplicates of identically treated frozen slices were homogenized by sonication in 0.2 ml of boiling 1% SDS as described previously (Halpain and Greengard, 1990) . To assay 32 P incorporation into total protein, 7.5 g of hippocampal homogenate was spotted on filter paper (Whatman), rinsed twice for 10 min each with trichloroacetic acid 10%, rinsed in 95% ethanol (10 min), and quantified by counting Cerenkov radiation with a Beckman scintillation counter. To determine 32 P incorporation into MAP2, hippocampal homogenates were first diluted 1:1 with a buffer consisting of (in mM): 100 NaCl, 50 Tris-HCl, pH 7.4, 5 EDTA, 50 NaF, and 6% (v/v) Nonidet P-40. MAP2 was immunoprecipitated from 100 g of each homogenate by a 60 min incubation at 4ЊC with 5 l of MAP2 monoclonal antibody 2-4, followed by 30 min incubation at 4ЊC with 150 l of Pansorbin (Calbiochem). Monoclonal antibody 2-4 recognizes an epitope within the tubulinbinding region of MAP2 (Dingus et al., 1994) and was affinity-purified from mouse ascites using Affigel protein A (Bio-Rad). Immunoprecipitated proteins were separated on 6.5% SDS-PAGE gels, and 32 P incorporation into immunoprecipitated MAP2 was background-corrected and quantified using the volume integration feature of ImageQuant software on a Molecular Dynamics PhosphorImager. Unless otherwise stated, data for experimental groups are expressed as the percentage of MAP2 phosphorylation observed in control slices incubated in parallel in the same experiment. Results from experimental groups were probed for statistical differences compared to controls using one-sample t tests (two-tailed) or one-way ANOVA with correction for multiple comparisons.
Assay of MAP kinase activation. Assay of MAP kinase activation was performed using the PhosphoPlus MAPK Antibody Kit (New England BioLabs), essentially following the manufacturer's instructions. Briefly, hippocampal slices were prepared as above, but with KCl lowered to 2.5 mM and 1.5 mM KH 2 PO 4 substituted for [
32 P]orthophosphate. Slices were incubated in the absence or presence of various compounds and reactions stopped by immersion in liquid nitrogen. Frozen slices were solubilized by sonication into 120 l of boiling 1% SDS; triplicate samples were combined and equalized for protein content. Forty micrograms of homogenate were separated by SDS-PAGE using 10% minigels and transferred to nitrocellulose. Replicate blots were prepared of each sample plus lanes containing aliquots of either nonphosphorylated ("inactive") MAPK (recombinant Erk2 protein) or "active" MAPK fully phosphorylated by the activating kinase MEK (both standards provided with the kit). Blots were probed using either an antibody specific to MAP kinases but independent of phosphorylation state or with a phosphoepitope-specific antibody that binds MAPKs only when phosphorylated on Tyr within the activation domain (e.g., Tyr 204 in human p44 MAPK). Immunoreactivity was detected using the kit's chemiluminescent detection system and Kodak XR5 film. Digital images from densitometric scans of the autoradiographs were transferred to Adobe Photoshop for cropping and to Microsoft PowerPoint for assembly and labeling of relevant portions of the images.
Other methods. Homogenate protein concentrations were measured by the bicinchoninic acid method (Pierce) using bovine serum albumin as a standard. MAP2 concentration was determined by quantitative immunoblot analysis in which hippocampal slices were prepared as above, but with KCl lowered to 2.5 mM and 1.5 mM KH 2 PO 4 substituted for [ 32 P]orthophosphate. Aliquots of homogenates from combined triplicates containing 100 g of protein were separated on 6.5% SDS-PAGE gels and then transferred to nitrocellulose as described previously (Halpain and Greengard, 1990) . Nitrocellulose sheets were incubated at room temperature in anti-MAP2 monoclonal antibody 2-4 (1:5000 for 2 hr), followed by rabbit anti- 
RESULTS

Developmental regulation of hippocampal protein phosphorylation
Before exploring developmental differences in the regulation of MAP2 phosphorylation, it was first necessary to verify that the slice preparation and assay methods developed to examine protein phosphorylation in the adult hippocampus were adaptable to studies using neonatal hippocampus. Phosphorylation efficiency was assayed by quantifying 32 P incorporation into trichloroacetic acid-precipitable protein in slices prepared in parallel from adult, P16, and P7 rats.
32 P incorporation reached a plateau within 90 min, demonstrating that slices prepared from all ages retained metabolic activity in vitro. However, the maximal amount of 32 P incorporation was significantly higher in tissue prepared from P7 and P16 slices as compared to adults (Fig. 1 A) . This may reflect a higher rate of phosphate turnover or general metabolic activity in neonatal versus adult tissue.
The ability to study the regulation of MAP2 phosphorylation over development was examined by quantifying 32 P incorporation into immunoprecipitated high-molecular-weight MAP2 for adult, P16, and P7 hippocampal slices. Although 32 P incorporation into MAP2 reached a plateau more rapidly in P7 than adult slices (75 min for P7 vs 90 min for adults), the maximum amount of 32 P incorporation per g of MAP2 protein was similar for the three age groups (Fig. 1 B) . This demonstrates that the relative fragility of hippocampal tissue from neonatal brain does not compromise metabolic integrity for assays of protein phosphorylation and that hippocampal slices can be used to study the regulation of MAP2 phosphorylation over development.
Developmental expression of bidirectional changes in hippocampal MAP2 phosphorylation
A bidirectional change in MAP2 phosphorylation can be stimulated in adult hippocampal slices by blocking the uptake of endo-genously released glutamate with dihydrokainate (DHK) (Quinlan and Halpain, 1996) , suggesting that synaptic transmission at glutamatergic synapses may normally regulate MAP2 phosphorylation in vivo. To test this hypothesis, incubation in 40 mM KCl was used in an effort to elicit synchronous depolarization throughout the hippocampal slice. Depolarization of slices from adult rats induced a bidirectional change in MAP2 phosphorylation, which was similar to that previously observed in the presence of DHK. A transient increase in MAP2 phosphorylation peaked within 30 sec (to 179 Ϯ 8% of control); this was followed by a persistent net decrease in MAP2 phosphorylation, lasting at least 30 min (Fig.  2 A) . A similar bidirectional change in MAP2 phosphorylation was observed in slices prepared from P21-P23 rats (Fig. 2 B) . In contrast, depolarization of hippocampal slices from younger animals induced primarily a net increase in MAP2 phosphorylation. In P17-P18 slices, MAP2 phosphorylation increased to 217 Ϯ 28% of control after 1 min of depolarization, remained elevated relative to control for Ն10 min, and decreased slowly to 71.1 Ϯ 14.5% of control over 30 min (Fig. 2C ). Depolarization of P7-P8 slices induced a net increase in MAP2 phosphorylation (Fig. 2 D) . A robust increase in MAP2 phosphorylation (to 225 Ϯ 13% of control) peaked rapidly, within 15 sec of the addition of 40 mM KCl. The large increase was transient, with MAP2 phosphorylation reduced to 152 Ϯ 12% of control by 30 sec and to 133 Ϯ 17% of control within 10 min. However, MAP2 phosphorylation remained elevated relative to baseline for at least 30 min.
Stimulation of MAP2 phosphorylation in adult versus neonatal hippocampus: role of protein kinases
Differences in depolarization-induced changes in MAP2 phosphorylation across development may reflect many factors, including differences in neuronal excitability, probability of transmitter release, expression of neurotransmitter receptors subtypes, or efficacy of signal transduction pathways that target MAP2 in neonates versus adults. To begin to distinguish among these possibilities, the role of specific glutamate receptor subtypes and components of phosphorylation pathways were explored. MAP2 is efficiently phosphorylated by several classes of Ser/Thr protein kinases in vitro, including cAMP-dependent protein kinase (PKA) (Sloboda et al., 1975; Vallee, 1980; Walaas and Nairn, 1989) , proline-directed kinases, such as mitogen-activated protein kinase (MAPK) (Ray and Sturgill, 1987; Berling et al., 1994; Sanchez et al., 1995) , protein kinase C (PKC) (Akiyama et al., 1986; Tsuyama et al., 1986; Walaas and Nairn, 1989) , and Ca 2ϩ / calmodulin-dependent protein kinase type II (CaMKII) (Schulman, 1984; Goldenring et al., 1985; Yamamoto et al., 1985; Walaas and Nairn, 1989) . To identify protein kinases that target MAP2 in situ, and to test for developmental differences in signaling pathways, the effect of inhibition of three classes of Ser/Thr 4 incorporation in cpm/g homogenate and represent the mean Ϯ SEM of four experiments, each performed in triplicate. B, Metabolically labeled slices prepared from adult, P16, and P7 rat hippocampus were assayed for 32 P incorporation into immunoprecipitated high-molecular-weight MAP2 and expressed per mg of MAP2 protein.
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P incorporation was not significantly different for the three age groups examined (one-way ANOVA protein kinases on basal MAP2 phosphorylation was examined in adult and P7 hippocampus. The compound PD098059 recently was reported to selectively inhibit MAPK activity by inhibiting the MAPK-activating enzyme MEK1 both in vitro and in intact cells (Alessi et al., 1995) . To determine whether PD098059 can inhibit MAPK activation in hippocampal tissue, adult slices were incubated in the absence or presence of 150 M PD098059 and assayed for MAPK activation by immunoblot analysis using a phosphoepitope-specific antibody that detects the active form of MAPK. This concentration of PD098059 inhibited nearly all detectable MAPK activation in control slices as well as in slices stimulated for 30 sec with high K ϩ (Fig. 3) . Subsequent studies used 150 M PD098059 to examine the effect of MAPK blockade on MAP2 phosphorylation. KN62 is a potent and selective inhibitor of Ca 2ϩ /calmodulin-dependent protein kinases (CaMKs), including CaMKII; chelerythrine (CHE) is a potent and selective inhibitor of PKC. Both compounds have been used extensively in neurobiological studies, including hippocampal slices (Quinlan and Halpain, 1996) . Experiments were performed using concentrations of the inhibitors determined to be maximally effective in the slice preparation.
In hippocampal slices prepared from adult rats, each inhibitory compound blocked a significant amount of basal 32 P incorporation into MAP2, indicating that all three classes of protein kinase contribute to the basal phosphorylation of MAP2 in situ (Fig. 4) . MAP2 phosphorylation was reduced to 19.8 Ϯ 8.5% of control in the presence of PD098059. The CaMK and PKC inhibitors were less effective, decreasing MAP2 phosphorylation to 48 Ϯ 8.3 and 81 Ϯ 14% of control, respectively. These results suggests that of the three classes of protein kinase examined, MAPK activity contributes most strongly to the basal state of MAP2 phosphorylation in the adult hippocampus. In contrast, MAPK activity appears to contribute little to the basal MAP2 phosphorylation in P7 hippocampus, because incubation in PD098059 did not significantly alter 32 P incorporation into MAP2 (99 Ϯ 27% of control). KN62 and CHE were partially effective at inhibiting MAP2 phosphorylation, demonstrating that CaMK and PKC contribute to basal MAP2 phosphorylation in P7 slices.
Potassium-induced depolarization increases MAP2 phosphorylation in both adult and neonatal slices, but with distinct temporal dynamics (Fig. 2) . Developmental differences in protein kinase pathways that target MAP2 might account for these differences in the MAP2 phosphorylation time course. To test this hypothesis, the effects of three protein kinase inhibitors on K ϩ -induced MAP2 phosphorylation were examined (Fig. 5) . In the adult hippocampus PD098059, KN62 and CHE each attenuated the increase in MAP2 phosphorylation induced by a 30 sec incubation in 40 mM KCl (to 64.0 Ϯ 7.1, 40.1 Ϯ 10, and 26.6 Ϯ 4.8%, respectively, of the MAP2 phosphorylation observed in K ϩ alone). In contrast, in P7 hippocampus, only the MAPK inhibitor PD098059 attenuated K ϩ -stimulated MAP2 phosphorylation (to 70.1 Ϯ 7.3% of K ϩ alone). Paradoxically, inhibition of CaMK and PKC substantially augmented the K ϩ -induced increase in MAP2 phosphorylation (to 178.3 Ϯ 3.4 and 175.4 Ϯ 4.1%, respectively, of the K ϩ alone condition). This result was unexpected, but highly reproducible, and suggests that the neonatal brain possesses complex mechanisms for cross-talk among phosphorylation pathways targeting MAP2.
Stimulation of MAP2 phosphorylation in adult versus neonatal hippocampus: role of metabotropic glutamate receptors
In adult hippocampal slices, activation of metabotropic glutamate receptors (mGluRs) with the agonist 1S,3R-ACPD stimulated the phosphorylation of MAP2 (Quinlan and Halpain, 1996) . Spontaneously released glutamate induces a comparable effect in the presence of the NMDA receptor blocker MK-801 (Quinlan and Halpain, 1996) . In P7 hippocampal slices, 1S,3R-ACPD (200 M) induced a similar time-dependent increase in MAP2 phosphorylation (Fig. 6) , as did incubation in MK-801 (data not shown). This suggests that in both mature and immature neurons, mGluRs are strongly linked to signaling pathway(s) that stimulate a net increase in MAP2 phosphorylation.
In contrast to the transient increase in MAP2 phosphorylation observed after brief depolarization, the increased phosphorylation observed in hippocampal slices after ACPD application is slow and sustained. This suggests that endogenous glutamate released 32 P-labeled hippocampal slices were incubated for 30 min in the absence or presence of protein kinase inhibitors followed by 30 sec incubation with 40 mM KCl before MAP2 immunoprecipitation. Incubation in inhibitory compounds alone affects basal MAP2 phosphorylation (Fig. 4) ; therefore, each data point for each age group is expressed as counts in protein kinase inhibitor ϩ 30 sec KCl divided by counts in protein kinase inhibitor alone and normalized to MAP2 phosphorylation observed after 30 sec of KCl (dashed line). In slices prepared from adult hippocampus, PD098059, KN62, and CHE each significantly inhibited KCl-induced MAP2 phosphorylation. In slices from P7 hippocampus, PD098059 inhibited, but KN62 and CHE enhanced, the KCl-induced MAP2 phosphorylation. Each data point represents the mean Ϯ SEM of four experiments, each performed in triplicate: *p Յ 0.05, **p Յ 0.01; one-sample t test.
by depolarization activates both NMDA and mGluR receptors. However, it is also possible that depolarization and mGluRs might activate distinct protein kinase pathways that target MAP2. Indeed, experiments using cultured cortical neurons demonstrated that glutamate stimulates CaMKII and MAPK activity with distinct temporal dynamics (Murphy et al., 1994) . Therefore, the contribution of MAPK, CaMKs, and PKC to the ACPDstimulated increase in MAP2 phosphorylation was determined and compared to that observed for K ϩ -stimulated MAP2 phosphorylation. Overall, the protein kinase inhibitors had very similar effects on K ϩ -and ACPD-stimulated MAP2 phosphorylation (Fig. 7) . In the adult, PD098059, KN62, and CHE each partially attenuated the increase in MAP2 phosphorylation stimulated by ACPD (to 60.9 Ϯ 4.2, 34.9 Ϯ 6.8, and 52.2 Ϯ 7.8%, respectively, of MAP2 phosphorylation in ACPD alone). In P7 slices, however, only the MAPK inhibitor PD098059 attenuated ACPD-stimulated MAP2 phosphorylation, whereas both KN62 and CHE augmented the stimulatory effects of ACPD. This paradoxical effect of KN62 and CHE was similar to the effect observed on K ϩ -stimulated MAP2 phosphorylation in P7 slices (compare Figs. 5 and 7), except that CHE had a stronger synergistic effect on K ϩ -stimulated than ACPD-stimulated MAP2 phosphorylation. Together these results suggest that brief K ϩ -induced depolarization and ACPD stimulate similar mGluR-dependent phosphorylation pathways that target MAP2. However, the coupling of mGluRs to effector mechanisms upstream from MAP2 differ greatly in adults and neonates. MAPK activity contributes partially to mGluR-stimulated MAP2 phosphorylation in both adults and neonates, but in adults there are additional contributions from CaM kinases and PKC. In contrast, in P7 slices blockade of CaMK and PKC significantly enhanced the effect of mGluR activation. Because the MAPK inhibitor blocked only 35-40% of mGluR-stimulated MAP2 phosphorylation in P7 slices, it is likely that one or more additional protein kinases contribute to mGluRstimulated MAP2 phosphorylation in immature neurons.
Stimulation of MAP2 dephosphorylation in adult versus neonatal hippocampus: role of NMDA receptors and calcineurin
In adult hippocampal slices, a substantial decrease in MAP2 phosphorylation was observed within 1 min of K ϩ -induced depolarization (Fig. 2 A) . Incubation in NMDA induces a similar dephosphorylation of MAP2 (Quinlan and Halpain, 1996) . In contrast, depolarization of P7 hippocampal slices resulted only in a net increase in MAP2 phosphorylation (Fig. 2 D) . This lack of K ϩ -induced dephosphorylation in P7 slices may indicate that the pathway coupling NMDA receptor activation to MAP2 dephosphorylation is weaker during early postnatal development. To test this hypothesis, MAP2 phosphorylation was examined in adult and neonatal hippocampus after NMDA receptor activation. In slices prepared from adult hippocampus, NMDA stimulated a time-dependent decrease in MAP2 phosphorylation, which reached 20.3 Ϯ 7.3% of control within 5 min and decreased further to 3.7 Ϯ 1.5% of control after 30 min (Fig. 8) . In slices prepared from P7 hippocampus, NMDA also induced a decrease in MAP2 phosphorylation; however, this decrease was significantly less robust than in adults. After a 5 min incubation in the presence of NMDA, MAP2 phosphorylation in P7 slices was reduced to 55 Ϯ 5% of control. In contrast to the further decrease observed in adult slices, MAP2 phosphorylation in P7 slices remained at 44 Ϯ 3% of control for up to 30 min in the presence of Figure 6 . Time course of mGluR-dependent increases in MAP2 phosphorylation in P7 and adult hippocampus.
32 P-labeled hippocampal slices prepared from P7 or adult hippocampus were incubated for 5 or 30 min in the presence of the metabotropic glutamate receptor agonist 1S,3R-ACPD (200 M) before MAP2 immunoprecipitation. Data are expressed as a percentage of MAP2 phosphorylation observed in control slices incubated in the absence of 1S,3R-ACPD. ACPD application produced a similar time-dependent increase in MAP2 phosphorylation in adult and P7 hippocampal slices. Data for adult samples are reproduced from Quinlan and Halpain (1996) . Each data point represents the mean Ϯ SEM of three to four experiments, each performed in triplicate. Figure 7 . Effects of protein kinase inhibitors on metabotropic glutamate receptor-dependent MAP2 phosphorylation in adult and P7 hippocampal slices.
32 P-labeled hippocampal slices were incubated for 30 min in the absence or presence of protein kinase inhibitors followed by 5 min of 1S,3R-ACPD before MAP2 immunoprecipitation. Incubation in inhibitory compounds alone affects basal MAP2 phosphorylation (Fig. 4) ; therefore, each data point for each age group is expressed as counts in protein kinase inhibitor ϩ 5 min ACPD divided by counts in protein kinase inhibitor alone and normalized to MAP2 phosphorylation observed after 5 min of ACPD (dashed line). In slices prepared from adult hippocampus, PD098059, KN62, and CHE each significantly inhibited ACPD-induced MAP2 phosphorylation. In slices from P7 hippocampus, PD098059 inhibited, but KN62 and CHE enhanced, the ACPD-induced MAP2 phosphorylation. Each data point represent the mean Ϯ SEM of four experiments, each performed in triplicate: *p Յ 0.05, **p Յ 0.01; one-sample t test.
NMDA (Fig. 8) . These results suggest that MAP2 dephosphorylation is more weakly coupled to NMDA receptor stimulation during the first postnatal week.
High-molecular-weight MAP2 can be efficiently dephosphorylated in vitro by several classes of Ser/Thr protein phosphatases including protein phosphatase 1 (PP1) and/or protein phosphatase 2A (PP2A) and the Ca 2ϩ / calmodulin-dependent protein phosphatase 2B (PP2B or calcineurin) (Yamamoto et al., 1988) . Previous studies with adult hippocampal slices indicated that the NMDA-induced dephosphorylation of MAP2 was largely mediated by calcineurin, because inhibitors of PP2B, but not PP1 or PP2A, attenuated this effect (Quinlan and Halpain, 1996) . To examine whether calcineurin activity contributed to the modest NMDAinduced dephosphorylation of MAP2 in neonatal hippocampus, the specific, lipid-permeable calcineurin inhibitor cypermethrin (Enan and Matsumura, 1993) was used. Cypermethrin induced a small but statistically insignificant increase in basal MAP2 phosphorylation in adult and P7 hippocampal slices, but it significantly attenuated the NMDA-induced decrease in MAP2 phosphorylation in both ages (Table 1) . However, in P7 slices cypermethrin inhibited a smaller percentage of the NMDAinduced dephosphorylation of MAP2 as compared to adults. These data suggest that the NMDA-induced dephosphorylation of MAP2 is mediated, in part, by calcineurin in both the adult and P7 hippocampus; however, the NMDA-induced dephosphorylation of MAP2 is both less robust and less sensitive to calcineurin inhibition in neonates than in adults.
Model for the regulation of MAP2 phosphorylation in adult versus P7 hippocampus
These data support the following model for the bidirectional control of MAP2 phosphorylation at glutamatergic synapses in adult versus developing neurons. In the adult hippocampus, activation of mGluRs and the resultant activation of MAPK, CaMKs, and PKC induces a net increase in MAP2 phosphorylation (Fig.  9A) . Increased MAP2 phosphorylation is predicted to decrease the interactions of MAP2 with microtubules and filamentous actin, thereby promoting a decrease in cytoskeletal stability. However, activation of NMDA receptors, and the resultant stimulation of the Ca 2ϩ /calmodulin-dependent protein phosphatase calcineurin, results in a net decrease in MAP2 phosphorylation. Dephosphorylation of MAP2 is predicted to increase the interactions of MAP2 with microtubules and F-actin, thereby promoting cytoskeletal stabilization. In the adult, depolarization results in a bidirectional change in MAP2 phosphorylation: a transient increase followed by a long-lasting decrease. Such biphasic regulation of MAP2 phosphorylation may contribute to activitydependent remodeling of postsynaptic structures.
In contrast, the neonatal hippocampus is relatively lacking in pathways that decrease MAP2 phosphorylation in response to glutamate receptor activation (Fig. 9B) . In P7 neurons, activation of mGluRs results in an increase in MAP2 phosphorylation. The increase in MAP2 phosphorylation is mediated in part by the activity of MAPKs but, in contrast to the adult, does not involve activation of CaMKs and PKC. The pathway that couples NMDA receptors to MAP2 dephosphorylation is present in P7 hippocampus; however, it is less influential in the neonate than in the adult. These developmental differences in signaling pathways targeting MAP2 suggest that early in development MAP2 phosphorylation is favored over dephosphorylation. Indeed, depolarization of P7 hippocampal slices resulted exclusively in a net increase in MAP2 phosphorylation. The propensity toward greater MAP2 phosphorylation may promote morphological plasticity by decreasing cytoskeletal stability in the developing brain.
DISCUSSION
Glutamate receptor activation is fundamental to many forms of activity-dependent synaptic plasticity, including development of the somatosensory cortex in rats (O'Leary et al., 1994) , the estab- lishment of ocular dominance columns in mammals (Daw, 1994) , and the formation of retinotectal projections in amphibians (Yen et al., 1993) . Glutamatergic signaling has also been shown to induce local changes in the morphology of developing neurons. For example, focal application of glutamate to the growth cones of cultured hippocampal neurons decreases the rate of dendritic outgrowth, although axonal growth rate is unaffected (Mattson et al., 1988) . Intuitively, such glutamate-induced changes in neuronal morphology and connectivity involve regulation of the neuronal cytoskeleton. Indeed, many events that characterize the development of neuronal morphology, including elaboration of neurites, process outgrowth, and neuritic branching, involve changes in microtubule organization (Joshi and Baas, 1993; Matus, 1994) . Neuronal morphology is also regulated by a complex network of intracellular signaling pathways. For example, in cultured hippocampal neurons, inhibition of CaMKs decreases the number of dendrites per neuron and the degree of dendritic branching, whereas inhibition of PKC decreases the initiation of neurite outgrowth and the formation of axonal branches (Cabell and Audesirk, 1993) . In PC12 and Swiss 3T3 cells, the protein phosphatase inhibitor okadaic acid induces a rapid and complete breakdown of stable microtubules (Gurland and Gundersen, 1993) . Such protein kinase and phosphatase pathways may contribute to various aspects of neuronal structural development by coupling transmembrane signals to changes in cytoskeletal proteins.
High-molecular-weight MAP2 is present in neuronal cell bodies, dendrites, and dendritic spines, but absent from axons and glia, suggesting that MAP2 contributes to the establishment and maintenance of postsynaptic morphology. In vitro, MAP2 promotes tubulin polymerization and actin filament bundling, and the phosphorylation state of MAP2 regulates these interactions with other cytoskeletal elements (Jameson and Caplow, 1981; Nishida et al., 1981; Murthy and Flavin, 1983; Selden and Pollard, 1983) . Changes in MAP2 phosphorylation have been observed in the developing cortex and cerebellum (Riederer et al., 1995) and have been correlated with periods of neurite outgrowth in cultured hippocampal neurons (Diez-Guerra and Avila, 1995) and activitydependent synaptic plasticity in the developing visual cortex (Aoki and Siekevitz, 1985) . This suggests that the regulation of MAP2 phosphorylation may participate widely in dendrite formation and the activity-dependent sculpting of neuronal postsynaptic specializations.
We have provided evidence that the phosphorylation state of MAP2 is differentially regulated by neural activity in mature and developing neurons. In the adult hippocampus, depolarization stimulates a bidirectional change in MAP2 phosphorylation: a transient increase mediated by mGluRs and activation of MAPKs, CaMKs, and PKC, followed by a long-lasting decrease mediated by NMDA receptors and the activation of calcineurin. In contrast, depolarization of P7 hippocampus results exclusively in a net increase in MAP2 phosphorylation, suggesting that the mechanisms that couple glutamate release to dephosphorylation of MAP2 are relatively lacking in neonatal hippocampus.
In both the adult and the neonate, the increase in MAP2 phosphorylation stimulated by depolarization and mGluR activation is mediated in part by MAPK activity. MAPK is activated by a wide range of extracellular stimuli, including growth factors, mitogens, transmembrane calcium influx, and metabotropic glutamate receptors (Fiore et al., 1993a; Cobb et al., 1994) . Accordingly, MAPK has been implicated in many cellular and developmental events, including the regulation of gene expression and the differentiation of neuronal-like PC12 cells (Cowley et al., 1994) . Immunoelectron microscopy has demonstrated that MAPK staining in neuronal dendrites is closely associated with microtubules (Fiore et al., 1993b) . In addition, MAPK and MAP2 copurify with taxol-stabilized microtubules (Morishima-Kawashima and Kosik, 1996) , suggesting that MAPK plays a prominent role in cytoskeletal regulation. Indeed, MAPK was originally identified as a soluble Ser/Thr kinase activity that catalyzed MAP2 phosphorylation in vitro (Ray and Sturgill, 1987) . However, to our knowledge this report provides the first direct evidence that MAP2 is an endogenous target of MAPK activity in intact neurons.
MAP2 phosphorylation after glutamate receptor activation has also been examined in cultured hippocampal neurons; however, in these studies only a glutamate-induced increase in MAP2 phosphorylation was reported (Fukunaga et al., 1992) . We have observed that incubation of cultured hippocampal neurons with NMDA for 3-10 min induces only a modest decrease in MAP2 phosphorylation (S. Halpain and E. Quinlan, unpublished obser- Figure 9 . Model for activity-dependent regulation of MAP2 phosphorylation in adult and neonatal hippocampus. MAP2 phosphorylation is regulated by the balance in activity of two antagonistic pathways: increased MAP2 phosphorylation mediated by metabotropic glutamate receptors and activation of MAPKs, CaMKs, and PKC; decreased MAP2 phosphorylation is mediated by NMDA receptors and activation of calcineurin. A, In adult hippocampal slices, depolarization of glutamatergic synapses results in the activation of both pathways, resulting in a bidirectional change in MAP2 phosphorylation. B, In P7 hippocampal slices, mGluRs are strongly coupled to activation of MAPK, but not to activation of CaMK or PKC. Additional protein kinases may be involved. Although NMDA receptor activation results in a calcineurin-mediated decrease in MAP2 phosphorylation, it is less robust than in the adult. Therefore, depolarization of synapses results in primarily a net increase in MAP2 phosphorylation in P7 hippocampal slices. vations), suggesting that the signaling pathways present in relatively immature cultured neurons are similar to those present in the neonatal hippocampus in which NMDA-stimulated MAP2 dephosphorylation is less robust.
Many factors may contribute to the differences in depolarization-induced changes in MAP2 phosphorylation in adult versus neonatal hippocampus. First, glutamate receptor subtypes are differentially expressed over development. For example, the expression of the phospholipase C-coupled metabotropic glutamate receptor mGluR5 (Romano et al., 1996) and glutamate-induced phosphoinositide hydrolysis (Nicoletti et al., 1986) peak during the first week of postnatal development in the hippocampus. In addition, changes in the response properties of NMDA receptors have been observed over development (Westbrook, 1994) . Thus, the relative efficacy of mGluR and NMDA receptors may differ in neonates versus adults, which could contribute to the changes in activity-dependent MAP2 regulation that we observe during neuronal maturation.
Second, the levels of intracellular effector molecules are developmentally regulated. For example, levels of the Ca 2ϩ -dependent isozymes of PKC are low at birth and increase gradually to adult levels by the fourth postnatal week in rat hippocampus (Jiang et al., 1994) . Similarly, the level of CaMKII␣ mRNA, which is enriched in dendritic postsynaptic specializations, is low at birth and does not reach adult levels until after P25 (Burgin et al., 1990) . The developmental expression of MAP kinases remains to be experimentally determined. Although PP1 and PP2A are present at high levels throughout postnatal development (Dudek and Johnson, 1995) , calcineurin levels are relatively low at birth and do not reach adult levels until the third postnatal week (Polli et al., 1991) . Thus, early in neonatal development, the protein phosphatase pathways that target MAP2 are still relatively immature, perhaps favoring an increase in MAP2 phosphorylation in response to synaptic transmission. Although the protein kinase inhibitors KN62 and CHE effectively inhibited basal MAP2 phosphorylation in the adult and neonate, the observation that depolarization-induced MAP2 phosphorylation is enhanced in P7 hippocampus in the presence of KN62 and CHE remains paradoxical. Negative regulation of CaMKII by PKC in PC12 cells has been observed, in which downregulation of PKC activity by prolonged incubation in phorbol esters augmented the autophosphorylation of CaMKII in response to K ϩ depolarization (MacNicol and Schulman, 1992) . It is presently unknown whether the increase in MAP2 phosphorylation that we observe after PKC inhibition is attributable to similar augmentation of CaMK activity. It is possible that certain forms of cross-talk among signal transduction pathways may occur preferentially in immature neurons.
Third, developmental differences in the regulation of MAP2 phosphorylation by K ϩ -induced depolarization may reflect the maturation of the presynaptic apparatus. For example, the presynaptic secretory machinery develops gradually in hippocampal neurons in culture. Before day 6 in vitro, evoked synaptic currents are observed in Ͻ20% of neurons, but by day 12 this increases to 75% (Basarsky et al., 1994) . Consistent with this time course, synaptosomes prepared from prelabeled hippocampus of P4 -P15 rats released significantly less [ 3 H]glutamate in response to K ϩ depolarization than synaptosomes prepared from adult hippocampus (Collard et al., 1993) . Fourth, changes in the expression of high-molecular-weight MAP2 isoforms may account for the developmental differences in MAP2 phosphorylation. Whereas MAP2b is present continuously throughout rat brain development and into adulthood, the highermolecular-weight MAP2a is first detectable at P10 (Riederer and Matus, 1985; Chung et al., 1996) . Therefore, the emergence of glutamate-induced bidirectional change in MAP2 phosphorylation may be dependent on the expression of MAP2a. This seems unlikely, because the two isoforms are identical except for an 82-amino-acid insert near the N terminus of MAP2a. The insert adds five potential Ser/Thr phosphorylation sites; however, a majority of the 40 or more phosphorylatable residues are shared by MAP2a and MAP2b. Indeed, in experiments in which highmolecular-weight MAP2 species could be clearly resolved as a doublet in SDS-PAGE, both isoforms appeared to undergo a similar degree of dephosphorylation in response to NMDA application (E. Quinlan and S. Halpain, unpublished observations).
Finally, it has become increasingly apparent that cellular maturation is accompanied by the establishment of biochemical subdomains that serve to compartmentalize signal transduction events. Enzymesubstrate interactions are regulated, therefore, by anchoring proteins that target protein kinases and phosphatases to specific subcellular regions (see, for example, Coghlan et al., 1995) . Developmental changes in molecular distribution may concentrate calcineurin and its substrate MAP2, thereby permitting bidirectional regulation of MAP2 phosphorylation in response to depolarization. An increase in the density of thin-necked or mushroom spines, which could serve to limit the diffusion of effector molecules, has been proposed as a morphological basis of such biochemical compartmentalization in developing synapses (Harris et al., 1992) . In the hippocampus, such alterations in spine geometry appear rapidly during the third postnatal week. Interestingly, nondecremental long-term potentiation is also first observed around this time (Harris and Teyler, 1984) . Many other physiological, morphological, and biochemical indices suggest that synapses in the developing hippocampus reach a mature state by the third week of postnatal development, including the expression of activity-dependent bidirectional changes in MAP2 phosphorylation.
